Background: Patellofemoral pain (PFP) is a prevalent disorder among female adolescents. Overuse is frequently cited as the cause of pain for this population. What is currently unclear, however, is if the patella demonstrates abnormal tracking patterns relative to the femoral trochlear groove in female adolescents with PFP.
than 5% of published studies in the field are devoted to the adolescent population. 7, 32, 43, 45 This paucity of published data specific to PFP experienced by adolescents limits our understanding of the underlying pathological conditions in these patients. In contrast to adults, for whom PFP is often assumed to be a kinematic problem, overuse is most often cited as the cause of pain for adolescent patients. 28, 44, 46, 47, 52 There are a plethora of analyses 6, 9, 12, 24, 37, 50 on patellar tracking and alignment patterns in adults with PFP. Yet, an extensive search of the literature revealed no studies on patellar tracking and only 2 studies 17, 33 on patellar alignment in adolescents with PFP. In addition, both of these analyses used static imaging techniques and included or focused exclusively on adolescents with PFP secondary to patellar dislocations. Two other studies, 2, 10 which focused on adolescent cohorts with patellar instability, reported higher rates of dislocations in adolescent patients with increased tibial tuberositytrochlear groove (TT-TG) distances. Finally, studies 19, 26, 27 have identified increased hip and knee abduction moments as risk factors for the development of PFP in adolescents. While the implied consequence of these abnormalities is altered patellofemoral tracking patterns and increased patellofemoral contact pressures, confirmation of these fundamental findings in female adolescents with PFP is currently lacking.
To alleviate this knowledge gap, this study set out to determine if abnormal patellar tracking patterns are associated with PFP in adolescents by comparing patellofemoral joint kinematics in a cohort composed exclusively of female pubescent patients (age range, 12-15 years) with PFP to age-matched female controls. The null hypothesis was that patients with PFP and healthy controls demonstrate similar patellofemoral kinematics during dynamic knee extension. To further explore this novel subject matter, 2 additional areas of study were investigated: (1) the potential contribution of the TT-TG distance to patellofemoral kinematics in adolescents with PFP and (2) the potential presence of kinematic subgroups within the cohort of adolescents with PFP. 36, 38 
METHODS

Participant Recruitment
Female patients with PFP between 12 and 15 years of age were referred to this institutional review board-approved study from local orthopaedic sports medicine clinics. For a knee to be included within the cohort with PFP, the knee had to have a clinical diagnosis of PFP that existed for at least 6 months before participation. A knee was excluded from this cohort if it had a prior patellar dislocation; traumatic onset of PFP; ligament, meniscus, iliotibial band, cartilage, or other lower extremity injury; and prior knee surgery. Asymptomatic female participants, agematched (within 6 months) with no history of PFP or lower leg injuries (for both legs), were recruited from the greater Washington, DC, region via advertisement for the control cohort. A participant was excluded from either cohort if she had contraindications to magnetic resonance imaging In total, 12 patients with PFP (20 knees) and 13 controls (20 knees) were enrolled in this study (Table 1) . If both knees, from either cohort, fit the study criteria and time permitted, both knees were scanned. Before data collection, participants provided signed assent (with a legal guardian or parent providing signed consent), verified their medical history, and underwent a physical examination with a focused evaluation of the knee. PFP levels were assessed using a visual analog scale (VAS) and anterior knee pain (AKP) scale, also known as the Kujala score (Table 2) .
22,29
Magnetic Resonance Imaging
As described elsewhere, 35 patellofemoral dynamic tracking patterns were quantified for all participants using cine phase-contrast (CPC) MRI in a 3-T MRI scanner (Philips). This technique captured 3-dimensional patellofemoral and tibiofemoral joint kinematics to an accuracy of \0.3 mm with a technical precision of 0.06 mm and a participant repeatability of \0.73 mm. 5 Participants were situated supine in the MRI scanner with the knee flexed and supported by a cushioned block (Figure 1) . A custom-built coil holder supported a pair of large flex coils medial and lateral to the knee and a pair of medium flex coils directly anterior to the patella. These coils enhanced image quality, whereas the coil holder, with its rigid fixation to the MRI plinth, provided medial-lateral stabilization of the knee during extension-flexion.
For dynamic MRI data capture, participants extended their knee, touching the top of the inner MRI bore with their toe, and then flexed their knee until their heel made contact with a small cushion that rested on the MRI plinth during each series at 30 cycles per minute. Repeatability of the motion was optimized by an auditory metronome (2 beats per cycle, indicating the end ranges of motion) and by providing medial-lateral stabilization of the knee within the coil holder. Each CPC acquisition required the participant to sustain this exercise for approximately 1.5 minutes, with a typical cycle ranging from 5°to 45°of flexion. Dynamic CPC MRI scans (x, y, z velocity and anatomic image frames) were obtained in a single sagittal plane (repetition time = 5.1 ms, echo time = 2.8 ms, spatial resolution = 0.7 3 0.7 3 8 mm, flip angle = 12°, temporal resolution = 85.6 ms) during knee motion. In a similar manner, dynamic, cine, anatomic MRI scans in 4 axial planes were obtained to construct an anatomic coordinate system ( Figure 2 , B and C). 35 The knee angle was calculated using the anterior border of the proximal tibia and the long axis of the distal femur ( Figure 2A ). This method tends to overestimate the knee angle, as compared with the clinical knee angle (measured using the hip, knee, and ankle centers). Thus, a 10°knee angle, measured on MRI, corresponds to a 0°clinical knee angle. 14 After dynamic imaging, 3-dimensional gradient recalled echo (GRE), GRE with fat saturation, and proton densityweighted (PDW) static scans in all 3 cardinal planes were acquired with the lower limb in an anatomically neutral position and the knee within an 8-channel knee coil. A radiologist read all scans to rule out undiagnosed knee disorders. Static axial PDW scans (spatial resolution = 0.27 3 0.27 3 1.0 mm, 512 3 512 pixels) at full extension were used to measure the TT-TG distance for all participants using the current gold-standard methodology. 8 Patellar displacements and rotations were measured relative to the femur using the coordinate system constructed for each bone ( Figure 2 ). Three-dimensional velocity data enabled accurate tracking of bone throughout the movement cycle using integration; thus, the construction of the coordinate system was only required for a single time frame. Medial, superior, and anterior were the positive displacement directions, and flexion, medial tilt, and varus were the positive rotation directions. 39 Data were collected in even temporal increments (80 ms); therefore, all kinematic data were linearly interpolated to single knee angle increments for data averaging and statistical analysis. 
Statistical Analysis
An a priori power analysis revealed that 19 knees were required to obtain an a of .05 and a b of .20 for medial-lateral displacement at full extension. This was based on the following assumptions: a difference of .2.9 mm in medial-lateral displacement would exist between cohorts, and the control cohort and the cohort of patients with PFP would demonstrate an SD in this measure of 2.0 and 4.5 mm. 37 Normality of all variables was determined using the Kolmogorov-Smirnov test. A 2-tailed Student t test provided the statistical comparison between cohorts for the normally distributed demographic factors (body mass index, weight, age at menarche, hours per week engaged in impact physical activities). A Mann-Whitney U test provided the statistical comparison between cohorts for the nonnormally distributed demographic factors (height, hours per week engaged in nonimpact physical activities). Generalized estimating equations (SPSS v22; IBM Corp) were used to assess the main and interaction effects of the cohort (PFP and control) and knee angle (10°, 20°, and 30°) on the 6 normally distributed kinematic variables. The generalized estimating equations can be used to run an analysis of variance (2 3 2) that first models the correlation between data derived from the same participant (eg, kinematic data from the left and right knee) and then statistically compensates for these correlations. 18 Post hoc analyses were performed within the framework of generalized estimating equations. Generalized estimating equations also provided the statistical comparison for TT-TG distances across cohorts.
In line with a previous study, 38 the PFP cohort was evaluated for the potential presence of distinct kinematic subgroups. If more than 85% of the patients with PFP demonstrated a lateral or medial maltracking pattern, then the potential for an extreme subgroup classification was explored. In such a case, lateral or medial displacement .2 SDs of the mean of the control cohort was designated an ''extreme'' case.
RESULTS
The characteristics were not significantly different between the cohorts (Table 1 ). All participants in both cohorts reported involvement in impact physical activities. Each patient with PFP reported values on the AKP scale and VAS consistent with PFP ( Table 2 ). The kinematic data for all participants were represented at 10°, 20°, and 30°, except for 1 control participant who only reached 12°in full extension. The kinematic data for this participant were extrapolated to 10°using a second-or thirdorder fit to the data (r 2 0.96). Relative to the control cohort, the patellae in the cohort with PFP tracked laterally at all knee angles tested (P \ .001) (Figure 3) . The difference from the mean of the control cohort was 3.2 mm (P \ .001), 2.3 mm (P \ .001), and 1.7 mm (P = .014) at 10°, 20°, and 30°, respectively. Varus-valgus rotation was significantly different between the cohorts (P = .009). However, significant differences were not found at any single knee angle. Differences between cohorts were not found for superior-inferior displacement, anteriorposterior displacement, flexion-extension, or medial-lateral tilt. All kinematic variables except for varus-valgus significantly changed as the knee extended. Specifically, all knee angle pairs were significantly different except the 20°to 30°pair for medial-lateral displacement, anterior-posterior displacement, and medial-lateral tilt. There were no interaction effects.
Within the PFP cohort, 19 of 20 knees (95%) were classified as lateral maltrackers, defined as lateral patellar displacement relative to the mean of the healthy controls. 38 Of these, 7 knees (35% overall) demonstrated extreme lateral maltracking, defined as .2 SD of lateral displacement relative to the mean of the healthy controls (Figure 4 ). These 7 knees came from 5 participants; 2 participants had lateral maltracking bilaterally, with only 1 knee being categorized as ''extreme.'' The mean medial-lateral displacement for the The femoral medial-lateral direction (f x ) was defined tangent to the posterior femoral condyles. The patient-specific coordinate system was created using p x , p y , f x , and f y , as described previously. 35 Note that the distance from the TG to the PO defined the displacement of the patella. Patellar tilt is a 3-dimensional angle, but it can be approximated by the angle between p x and f x . extreme lateral maltracking subgroup was 7.0 6 1.6 mm, and the highest value observed was 8.6 mm.
The cohort with PFP demonstrated greater TT-TG distances (12.2 6 3.9 mm) relative to the control cohort (10.0 6 2.7 mm; P = .03). The extreme maltracking subgroup also demonstrated greater TT-TG distances (14.2 6 3.5 mm; P = .001) relative to the controls.
DISCUSSION
As the first study to investigate dynamic in vivo patellar tracking patterns in female adolescents with PFP, this study demonstrates that abnormal kinematics is associated with PFP in adolescents. The leading model for this association is that the altered kinematics changes contact patterns, contact pressures, or both, which lead to pathological forces on the subchondral bone and ultimately pain. 28 Because all adolescents from both cohorts participated in impact sports, rigorous athletic training might not be adequate to produce PFP in female adolescents. Rather, PFP may be caused by a combination of physical activity in the context of pathological kinematics. This directly translates into clinical practice in that the common prescription for female adolescents with PFP (activity reduction with the potential addition of physical therapy) may alleviate the overuse component of the disorder; however, it may fail to address the underlying kinematic problems. This may explain why nearly two-thirds of adolescents with PFP reported persistent symptoms at 2-year follow-up in a recent study. 30 Further research is necessary to elucidate the most effective treatment for adolescent patients with PFP.
Despite many prior studies investigating the prevalence of PFP in adolescents, the patellar maltracking patterns associated with adolescent PFP are relatively unexplored in the literature. The work of Guzzanti and colleagues 17 provides the closest parallel. This study used static computed tomography to compare patellofemoral alignment for a cohort of female adolescents with PFP against ageand sex-matched controls during the contraction of isometric quadriceps muscles. In contrast to the current results, that study found that at 30°of static knee flexion, lateral tilt was significantly greater in adolescents with PFP. The discrepancy between Guzzanti et al 17 and the current study result is partially explained by the fact that the previous study included patients with patellar instability and possibly joint hypermobility. In addition, Guzzanti and colleagues 17 measured the patellar tilt angle in the axial slice at the midpatellar level. Because patella alta was likely present in the cohort, the femoral reference line was likely taken at a more superior level, which would bias this group toward a larger lateral patellar tilt. 40 The only other comparable study 33 to evaluate female adolescents with patellofemoral disorders focused exclusively on patients with a history of recurrent patellar dislocations. This population exhibited severe patellar instability and is not representative of the vast majority of patients with PFP. 31 The mean lateral displacement (3.2 mm) demonstrated in the cohort with PFP, as compared with controls, was equivalent to the difference seen in a previous study 37 focused on adults with PFP. This was unexpected because the previous adult study included patients with generalized joint laxity, which has been shown to cause more extreme maltracking problems, whereas the current study excluded patients with generalized joint laxity. In addition, adults with PFP demonstrated significant abnormalities in multiple kinematic parameters, whereas adolescents with PFP only demonstrated significant lateral displacement. Thus, for both adult and adolescent populations, altered kinematics may contribute to the origin of PFP. However, this finding does not imply that the same underlying kinematic problems are present in adults and adolescents. Future studies are needed to explore the potentially unique profiles of adolescent and adult kinematics for the development of age-specific interventions.
The unique pattern of isolated lateral displacement found in the present adolescent cohort can be explained by evaluating the kinematic pattern in the context of the functional anatomy of the patellofemoral joint. The femoral trochlea widens and angles laterally at its superior aspect. With extension, the patella progresses higher in the groove, placing it in the wider and more lateral aspect of the trochlea. An increased TT-TG distance, which represents lateralization of the patellar tendon force, would tend to pull the patella to the most lateral location within the sulcus. This force, in combination with increased hip and knee abduction moments, provides an explanation for the observed kinematic patterns. 26, 27 Yet, the finding of patella alta in the extreme group is dependent on statistics run for a very small group, and further research is warranted to determine if this result holds true over a larger population. In addition, excessive lateral tilt was not seen in this study. Thus, alterations in the patellofemoral bone shape, ligament laxity, and/or muscle force balance potentially play a role. For example, the unique anatomy of the trochlea in adolescents may allow for lateral displacement while restricting excessive lateral tilt. Further, the degree of lateral displacement across the cohort of adolescents with PFP occurred along a spectrum (Figure 4) . Thus, the interplay of various biomechanical factors likely explains the individual maltracking patterns observed in this population. It is also likely that for patients with more normative kinematic patterns, overuse played a more prominent role in the cause of PFP.
While future work is needed to determine the temporal relationship between maltracking and symptom onset, it appears that isolated lateral patellar displacement is a prominent kinematic abnormality in this population. This information can aid clinicians in developing new conservative therapies for female adolescents with PFP. It also supports the tailoring of currently available therapies (eg, targeted strengthening of the vastus medialis, neuromuscular re-education, and patellar bracing) to the adolescent population. In addition, the kinematic abnormalities found in this study provide a basis for future clinical trials aiming to optimize outcomes for female adolescents who fail conservative therapy. Given that tibial tubercle osteotomy aims to correct lateral patellar displacement while lateral release targets patellar tilt, preoperative identification of the patient-specific kinematic abnormality may advance surgical planning. 15, 48 Currently, one method of identifying patients with patellar instability who may benefit from tibial tubercle osteotomy is the TT-TG distance measurement. 8 This is the first study to investigate the TT-TG distance in an adolescent PFP cohort with no history of dislocations. The mean TT-TG distances for the PFP (12.2 mm) and control (10.0 mm) cohorts in this study closely matched the average values found in adolescents with patellar instability (12.1 mm) 10 and healthy adolescent controls (9.4 mm). 51 The mean TT-TG distance of extreme maltrackers (14.2 mm) in the current study exceeded that of adolescents with patellar instability.
A potential limitation of this study is the sample size. While powered to identify differences in the kinematic patterns of patients with PFP and healthy controls, the sample of convenience obtained in this study does not represent all adolescents with PFP. Other kinematic alterations (eg, tilt, varus, flexion) may be associated with PFP in certain subgroups of adolescents. Regardless of this potential, the present study found a homogeneous group of adolescents with PFP, indicating a strong likelihood that this kinematic pattern is a prominent pathological profile in adolescents with pain. Although the study was not designed to evaluate factors outside of kinematics, hormonal abnormalities, such as early exposure to estrogen, may also be present in the adolescent cohort with PFP given the trend toward younger menarche ( Table 1) .
Extension of the knee against the weight of the lower leg without axial loading of the tibiofemoral joint is not a typical activity of daily living. However, it does serve as a diagnostic tool. Specifically, a strong quadriceps contraction in terminal extension pulls the patella to the superior aspect of the femoral groove, or out of the groove, limiting the bony constraint on the patella. In this setting, any soft tissue imbalances around the patella present as maltracking. In contrast, during an activity such as walking or squatting \60°, the patella likely remains in the femoral groove, and the bony constraints limit maltracking. Yet, the soft tissue imbalance remains, causing increased or misaligned contact forces. Similar to the design of the current study, a prior cadaveric study 16 demonstrated significant lateral displacement with loading of the quadriceps muscles, representative of a free extension exercise. Another previous study 50 evaluating patellofemoral patterns in adults with PFP during squatting found that maltracking only occurred at deep flexion (.60°). This coincided with high-intensity quadriceps contractions at a range of motion in which the patella was situated at or near the wider distal terminal aspect of the sulcus. The authors concluded that the identification of patellar maltracking requires reduced bony constraint. Thus, the methodology of the current study was accurately designed to identify subtle force imbalances presenting as kinematic abnormalities.
The primary strength of this study is the specificity of the patient inclusion criteria. All participants were postmenarche, were between 12 and 15 years of age, and demonstrated clinical and radiological findings that were consistent with the strict definition of PFP. One of the problems in understanding PFP concerns the lack of a consistent definition for knee pain. Across studies, the pathological conditions that are contained within the definitions for knee pain (PFP, anterior knee pain, patellofemoral dysfunction, patellofemoral maltracking, chondromalacia patellae, patellar instability) vary greatly. Often, these terms are used without clear specification of the pathological conditions that are being referred to. Further, the majority of studies evaluating the epidemiology or risk factors for PFP in this population include pubescent, postpubescent, and even prepubescent patients. 3, 21, 23, 25 PFP may be unique in each of these groups based purely on developmental status. Specifically, open physes, incongruent increases in limb mass relative to limb length, hormonal fluctuations, and underdeveloped neuromuscular control patterns likely expose adolescents to various injuries that are not typically seen in adult patients with PFP. 13 To begin to discover the true origin of PFP in adolescents, studies need to investigate cohorts composed exclusively of patients with defined pathological conditions at specific pubescent stages. This study focused on PFP in the strict definition of peripatellar pain in the absence of other structural pathological conditions (eg, tendinitis, ligament injury, Osgood-Schlatter disease) or history of dislocations/trauma among postmenarche female adolescents.
Finally, while significant differences in the mean kinematics of the adolescent group with PFP were identified, this study moved beyond averages by investigating the patterns for individual patients. For patients with more normal kinematics, rigorous training regimens may have played a more dominant role in the origin of pain. To provide optimal therapy for this complex patient population, the identification of patient-specific tracking patterns should be the goal of future clinical trials.
CONCLUSION
This study demonstrates that abnormal patellar tracking patterns are present in female adolescents with PFP. Rigorous athletic training alone might not be adequate to produce PFP in this population. Rather, PFP may result from the combination of physical activity in the context of pathological kinematics. The accurate evaluation of patellofemoral kinematics in female adolescents with PFP is encouraged for clinical decision making.
